In 1971, Elber reported the discovery of a crack closure phenomenon that occurs with fatigue. He noted that closure of the crack planes near the crack tip can occur while the applied stress is still tensile (1) . The existence of a closure stress opens the way of defining an effective stress intensity factor, Keff, given by Kef! = (1-(1c1osure ) ( 1t a )
1/2
where cr is the applied tensile stress, crclosure is the crack closure stress, and a is the crack half length. The stress intensity factor is useful in correlating fatigue crack propagation data, especially after overloads (2) . The precision of Keff depends upon how well one can determine crclosure . However it is difficult to experimentally determine crclosure, since conventional crack opening determination is imprecise. The purpose of this paper is to present an ultrasonic technique that shows promise as a means to accurately determine when the crack is open.
SOME OF THE PRESENT TECHNIQUES TO MEASURE CRACK OPENING LOAD
The compact tension specimen is shown schematically in Fig. 1 . It is loaded using clevis grips placed in a load frame. An extenso meter is placed across the mouth of the specimen. Tension is applied cyclically between a maximum and a minimum value. As this is done, the crack initiates at the notch, and propagates into the specimen. The crack growth rate depends upon the parameters established for the loading cycle, the material properties of the specimen, and environmental factors as well as test sample geometry.
As a cycle of specimen loading begins, the applied load is measured with a load cell. The displacement across the mouth is measured with the extensometer. One can, in theory, plot the load vs. displacement, and determine the crack opening load by determining the point where the load vs displacement takes on a constant slope for the higher value loads. However, such a plot is not very sensitive to crack opening vs load, so other data analysis techniques are preferred. We will briefly present two of these, which are currently in use. (The authors are indebted to Dr. J.
Newman and E. Phillips of NASA-Langley Research Center for their helpful discussions about these techniques). In both of the techniques presented here, one first loads the specimen to maximum and then decreases the load. During the part of the cycle where the load is decreased from maximum, one determines a straight line fit from the values measured while unloading from maximum. We call this the "upper data". The "Load-Reduced Displacement" method for data analysis is shown in Fig. 2 . One defines "reduced displacement as the difference between the straight line fit of the upper data and the measured displacement. This is shown in Fig. 2a . Next, one plots the load vs the reduced displacement, which is shown in Fig. 2b . The crack opening load is determined as the pOint where the curve goes vertical, as marked with the arrow.
The "Load-Slope Change" method for data analysis is shown in Fig. 3 . In this method, one determines a series of slopes during the unloading portion of the cycle, as shown in Fig. 3a . By plotting Load vs. slope increase (the difference between the reference slope measured at the top, and the slopes along the rest of the curve) as in Fig. 3b , one can determine the crack opening load by marking the load where the slope increase first deviates from zero. This is marked with an arrow.
We illustrate the "Load-Slope Change" method with measurements that we took on a compact tension specimen used in this study. The specimen is machined from AI 2219-T851 material. The maximum and minimum loads are 4000 Ibs and 400 Ibs. Fig. 4 is a plot of the Load vs Slope Increase data. One can observe that the data clearly exhibit the effects of noise in the measurement system. It is difficult to precisely determine where the load-slope increase plot is tangent to the vertical axis. The problem of noise causes substantial uncertainty in the determination of the crack opening load.
USING HARMONIC GENERATION TO DETERMINE CRACK OPENING
The use of ultrasonic harmonic generation to measure lattice anharmonicity is well documented in the literature [3, 4, 5] . Also, Hikata and Elbaum have studied the effects of dislocation motion on harmonic generation [6,71. Buck et. al. [8] have used harmonic generation by surface waves to look at fatigue states in aluminum. Richardson [9] has described the generation of harmonics at the interface of unbonded surfaces. While all effects mentioned above apply to this problem, we use the fact that as a crack in a compact tension specimen is opened, harmonics are generated at the (unbonded) surfaces of the crack interface.
The equipment diagram sketch is shown in Fig. 5 . A 5 Mhz tone burst is generated by the function generator (a Hewlett-Packard #3314A), is power-boosted by an amplifier (an ENI A-150), and is converted into an acoustic wave by the 5 MHz undamped transducer (a lithium niobate compressional transducer). After the wave traverses the sample, it is received by the 10M Hz transducer (a lithium niobate 10 MHz undamped compressional transducer), where the ultrasonic wave is converted into an electrical signal. The output Signal is amplified and detected by a receiver (ICOM IC-R71 A). A 40 dB attenuator is placed in the path when receiving the fundamental signal. The receiver is tuned to the appropriate frequency, and its detected output is measured with an oscilloscope (Tektronix 2445), which is triggered from the function generator and delayed to compensate for the traversal time of the ultrasonic signal through the sample. Using the above arrangement, we measured both fundamental and the harmonic output from the 10 MHz transducer in a specimen of AL 2219-T851 (1 in thick by 7.5 in. length x 7.19 in. high) that had been previously cracked. The measurement sets were taken as follows: (1) near one end of the sample in a region away from the crack to determine the response of the measurement system and the material; (2) over the cracked region to determine the characteristics of ultrasound propagation across the crack; and (3) over the cracked region during the loading cycle to determine any difference in harmonic generation content during the loading cycle. Before the measurements under load were taken, we cyclically loaded the specimen from 400 to 4000 Ibs in tenSion, until the crack propagated an additional 0.275 in. to a total crack length of 2.9 in. The transducers (5 MHz and 10 MHz) were mounted in aluminum housings, and placed on the compact tension specimen and axially aligned, as shown in Fig. 6 . For (2) and (3) • .., Fig. 7 is a log plot of harmonic amplitude vs fundamental ampl~ude where the wave is propagated through material far from the crack. Fig. 8 is a log plot of harmonic amplitude vs fundamental amplitude when the ultrasonic wave is propagated across the crack without any load applied. In comparison of the two graphs. we notice that the slopes are slightly different. and that the harmonic output is diminished in the case of propagation through the crack. The increase in slope for the propagation through the crack can be explained by the fact that some additional harmonic generation could occur at the crack (most probably around the asperities).
The specimen was placed under load. The harmonic output from the receive transducer was measured and plotted as a function of load. The received fundamental amplitude was held constant during the measurements. The results are shown in Fig. 9 . We notice that the maximum harmonic output occurs at a load of 1550 Ibs, and abruptly drops to its premaximum level at a load of 1600 Ibs. This value is in agreement with theoretical calculations using finite element analysis.
CONCLUSIONS
It appears that ultrasonic harmonic generation can be a useful tool in the monitoring of crack opening dynamics in compact tension specimens. The value obtained in this case was in agreement with the value predicted by theory. Moreover, this technique seems to be immune to the noise problems that plague other techniques.
